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SUMMARY

In nature, selenium is actively cycled between oxic and anoxic
habitats, and this cycle plays an important role in carbon and
nitrogen mineralization through bacterial anaerobic respira-
tion. Selenium-respiring bacteria (SeRB) are found in geo-
graphically diverse, pristine or contaminated environments
and play a pivotal role in the selenium cycle. Unlike its struc-
tural analogues oxygen and sulfur, the chalcogen selenium and
its microbial cycling have received much less attention by the
scientific community. This review focuses on microorganisms
that use selenate and selenite as terminal electron acceptors, in
parallel to the well-studied sulfate-reducing bacteria. It over-
views the significant advancements made in recent years on the
role of SeRB in the biological selenium cycle and their ecolog-
ical role, phylogenetic characterization, and metabolism, as
well as selenium biomineralization mechanisms and environ-
mental biotechnological applications.

INTRODUCTION

The Geochemical Selenium Cycle

Selenium was discovered by the father of Swedish chemistry,
Jöns Jacob Berzelius, in 1817. It is an important essential trace

element in living systems and has an uneven distribution in the
Earth’s crust. Selenium is placed next to sulfur in the list of impor-
tant elements, i.e., H, O, C, N, P, S, and Se are the dominant
components of all living systems (1). The selenium cycle is com-
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plex (Fig. 1) because this element has a wide range of oxidation
states, from �II to �VI, and is available in different chemical
(inorganic and organic) and physical (solid, liquid, and gas)
forms. Moreover, selenium occurs as 6 stable isotopes, 74Se, 76Se,
77Se, 78Se, 80Se, and 82Se, among which 80Se and 78Se are the most
common forms found on Earth (2). The distribution of different
species of selenium may vary in the environment depending on
the prevailing redox conditions. In general, selenium oxyanions
(SeO4

2� and SeO3
2�) are highly soluble, stable, and potentially

mobile in oxic natural environments. On the other hand, the sol-
ubilities of elemental selenium and metal selenides are limited,
and they are less mobile under environmental conditions.

The most oxidized forms, such as selenate (SeO4
2�) and selenite

(SeO3
2�), are predominantly encountered in oxygenated envi-

ronments, i.e., surface waters. Both selenate and selenite are highly

soluble and exhibit high bioavailability and toxicity. In anoxic or
anaerobic environments, formation of elemental selenium (Se0) is
predicted due to the prevailing reducing conditions (3, 4). Al-
though elemental selenium can exist in different allotropic forms
(crystalline, metallic, and amorphous), it has commonly been
considered an unavailable form in natural environments due to its
low solubility (3). However, elemental Se in colloidal form can still
be transported in the environment and become bioavailable to
aquatic organisms (4).

Under highly reducing conditions, elemental selenium can be
further reduced to selenide [Se(�II)], which in turn binds with
metals and organics to form metal selenides and organoselenides,
respectively. In natural settings, selenide is often observed as metal
selenides in mineral phases of rocks and sediments. Organosele-
nium compounds contain selenide mostly as selenocysteine in

FIG 1 Global selenium cycle in nature. The largest reservoirs of selenium on Earth are sulfide ores, pyrite, and high-sulfur coals. Geologic and anthropogenic
sources release selenium as SeO4

2� into the environment. Selenium, an essential element, is assimilated from selenate or selenite by microbes and plants at the
base of the food web and subsequently by animals. Selenium is then assimilated into organoselenides (i.e., selenoproteins) in living organisms. Decomposition
of dead organisms releases selenium back into the environment. Mining operations, combustion of fossil fuels, agriculture, volcanic eruptions, and nuclear fuel
cycle operations release selenium into the atmosphere, soil, and water in soluble forms (i.e., SeO4

2� and SeO3
2�). Microorganisms play a key role in the cycling

of selenium compounds in nature.

Nancharaiah and Lens

62 mmbr.asm.org March 2015 Volume 79 Number 1Microbiology and Molecular Biology Reviews

http://mmbr.asm.org


proteins. The methylated forms of selenium also contain selenide
and are volatile in nature. Additionally, selenide can also form
volatile and highly toxic H2Se, a structural analogue of H2S. Thus,
elemental selenium is rarely found in nature, and selenium occurs
only as selenide in minerals (2), mainly in association with natural
sulfides, such as pyrite (FeS2), chalcopyrite (CuFeS2), and sphal-
erite (ZnS) (5, 6).

Selenium in the Environment

Selenium is found in all natural environments, including rocks,
soils, water bodies, and the atmosphere. It is released from Se-rich
sources, such as phosphatic rocks, organic-rich black shales, and
coals, through complex biogeochemical cycling processes (Fig. 1).
Thus, selenium is unevenly distributed over the surface of the
Earth.

Natural selenium contamination can originate from weath-
ering of seleniferous soils and rocks. In most soils, selenium
concentrations are very low, in the range of 0.01 to 2 mg kg�1.
However, in seleniferous soils, selenium concentrations of up
to 1,200 mg kg�1 have been reported (7). In natural waters, the
dissolved selenium concentrations are reported to be in the
range of �0.1 to 100 �g liter�1, although groundwaters with
elevated selenium concentrations have been reported, with
concentrations of 275 �g liter�1 in seleniferous aquifers in
China and up to 1,000 �g liter�1 in Montana (7). High sele-
nium concentrations of up to 2,000 �g liter�1 have been found
in some saline lake waters (7).

Anthropogenic selenium pollution is generated by mining, re-
finement of metals, flue gases, and other industrial activities (Fig.
1). High rates of embryonic deformities and deaths in waterfowl
and other wildlife due to Se contamination were recorded in the
Kesterson National Wildlife Reservoir in California. Excessive
phosphate mining activities in the Blackfoot River Watershed in
Idaho have substantially increased the selenium levels in the river
(8). The reductive microbial selenium transformations of the se-
lenium cycle, which converts water-soluble and toxic selenium
oxyanions (SeO4

2� and SeO3
2�) into sparingly soluble elemental

selenium or metal selenides, are the basis of promising approaches
to bioremediation (5, 9, 10).

Role of Selenium in Cellular Metabolism

Selenium was long regarded as a toxin, with the biological toxicity
of selenium recognized for the first time in 1856, when it was
found to be responsible for “alkali disease,” now termed “seleno-
sis.” The symptoms of selenosis include abnormal hair loss, bro-
ken nails, nail sloughing, thick nails, and skin lesions (11). The
beneficial effect of this element was not recognized until 1957,
when selenium was found to prevent liver necrosis in rats (12).
Today, selenium is well recognized as an essential trace element
with importance in several physiological functions, such as bio-
synthesis of selenocysteine (the 21st amino acid), coenzyme Q,
glutathione peroxidase, and thioredoxin reductase (13, 14). The
margin of safety is very narrow: there is only 1 order of magnitude
between the essential and toxic levels of selenium (5, 13, 14). Thus,
a small change in selenium levels can cause damage to living or-
ganisms and may contribute to ecological damage.

In bacteria and archaea, selenium is readily metabolized and
involved in a range of metabolic functions that include assimila-
tion, methylation, detoxification, and anaerobic respiration (9,
15, 16). The essential trace requirement of selenium was identified

for stable operation of anaerobic digesters treating food waste and
operating at high ammonia concentrations (17). Acetate oxida-
tion to hydrogen and subsequent conversion of hydrogen and
CO2 to methane through the syntrophic association between ace-
tate-oxidizing bacteria and hydrogenotrophic methanogens form
a dominant methanogenic pathway in anaerobic digesters, partic-
ularly in the presence of high concentrations of ammonia and
volatile fatty acids (17–19). Selenium in the form of selenocysteine
has been identified in the active site of formate dehydrogenases
and is important for formate oxidation (20, 21). Accumulation of
formate, an intermediate of propionate oxidation, triggers a feed-
back inhibition resulting in propionate accumulation (22), which
may lead to process failure in anaerobic digesters. Supplementa-
tion with trace amounts of selenium (200 �g liter�1) allowed suc-
cessful operation of anaerobic digesters at higher organic loading
rates (17). Critical selenium levels required for stable reactor op-
eration at moderate loading rates amounted to 0.16 mg Se kg�1

fresh matter feed (17).

BIOCHEMICAL SELENIUM CYCLE

The existence of the selenium cycle in nature was proposed as early
as 1964, by Shrift (23). The biochemical cycle of selenium is re-
ceiving increased attention because selenium is an essential trace
element, selenium pollution can cause significant ecological dam-
age, and selenium-respiring bacteria (SeRB) are widespread and
metabolically active, thus affecting the C, N, and P cycles in na-
ture. In nature, the transformation (oxidation and reduction) of
selenium is mediated by both chemical and biological mecha-
nisms. It is becoming increasingly evident that microorganisms
play a pivotal role in the selenium cycle in the environment by
performing both oxidation and reduction reactions (Fig. 2). Sele-
nium metabolism is found in all domains of life, including Bacte-
ria (24), Archaea (25), and Eukarya (26), as well as in viruses (27).
Selenium is incorporated into amino acids, such as cysteine, and
then into selenium-containing proteins (25).

Selenium-Reducing Bacteria

Dissimilatory reduction of selenium oxyanions (SeO4
2� and

SeO3
2�) is significantly important in the environment and in-

volves conservation of metabolic energy for microorganisms
(28). Members of both the Archaea and Bacteria domains can use
selenium oxyanions (SeO4

2� and SeO3
2�) as terminal electron

acceptors and reduce soluble selenate and selenite to insoluble
elemental selenium via dissimilatory reduction under anaerobic
conditions (29). Under aerobic or microaerophilic conditions, se-
lenium oxyanions can also be reduced to elemental selenium by
various bacterial strains, through either detoxification (30) or re-
dox homeostasis in phototrophic bacteria (31), but these are not
discussed in detail in this review. Elemental selenium can be re-
duced further microbiologically to soluble selenide, which in
combination with metal ions forms insoluble metal selenides. Sel-
enide can also be emitted as the volatile and highly reactive H2Se
gas, but this is spontaneously and rapidly oxidized to elemental
selenium in the presence of oxygen (9). Organoselenium and
methylated selenium species also contain selenide.

Selenium-Oxidizing Bacteria

Oxidation of selenide and elemental selenium back to selenite or
selenate by selenium-oxidizing bacteria (SeOB) completes the
other half of the selenium cycle (Fig. 2). Experimental evidence on

Selenium Bioreduction
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the role of microorganisms in the oxidation of either selenide or
elemental selenium was fragmented when the selenium cycle was
initially proposed (23). Oxidation of elemental selenium by au-
totrophic soil bacteria was reported as early as 1923. Addition of
elemental selenium to a fresh soil was associated with oxidation of
the elemental selenium and an increase in soil acidity. When this
soil was added to a culture medium with elemental selenium as the
only source of energy, the medium became cloudy due to the
growth of a rod-shaped bacterium. This observation was reported
as a news item in Science by Lipman and Waksman (32), but the

details of this work and the identity of the selenium-oxidizing
bacterium were not published. Subsequent studies have discov-
ered the role of microorganisms in the oxidation of elemental
selenium in experiments performed using soil slurries and bacte-
rial cultures.

Sarathchandra and Watkinson were the first to report on bac-
terial oxidation of elemental selenium to SeO4

2� or SeO3
2� by

Bacillus megaterium (33). SeO3
2� was found to be the predomi-

nant product, while SeO4
2� was produced only in trace amounts

by this bacterium. Later, evidence for the oxidation of elemental
selenium to SeO4

2� or SeO3
2� was demonstrated in soil slurries by

Dowdle and Oremland (34). Production of either SeO4
2� or

SeO3
2� was inhibited when the soil slurries were either autoclaved

or amended with metabolic inhibitors, such as formalin, antibiot-
ics, azide, and 2,4-dinitrophenol. On the other hand, addition of
acetate, glucose, or sulfide enhanced the oxidation of selenium,
which indicated the involvement of chemoheterotrophs or che-
moautotrophic thiobacilli. Cultures of Thiobacillus ASN-1 and
Leptothrix MnB1 and a heterotrophic soil enrichment oxidized
selenium, with SeO4

2� as the major end product (34).
Almost at the same time, Losi and Frankenberger reported mi-

crobial oxidation and solubilization of precipitated elemental se-
lenium in soil (35). They demonstrated that oxidation of elemen-
tal selenium in soils is largely mediated by biotic mechanisms
and that use of an inorganic carbon source (NaHCO3) favored
selenium oxidation over glucose oxidation, again implying che-
moautotrophic oxidation. However, the oxidation of elemental
selenium occurred at low rates and yielded both SeO4

2� and
SeO3

2� as the end products. Oxidation rates are a function of the
dissolved oxygen concentration and might vary widely in environ-
mental settings, i.e., creeks, rivers, lakes, or ponds. In general, the
oxidation rates are 3 to 4 orders of magnitude lower than those in
the reductive part of the selenium cycle (34). This can result in the
build-up of proportionately larger levels of either elemental sele-
nium or selenides in sediments.

SELENIUM-REDUCING BACTERIA

Selenate-Respiring Bacteria

The reduction potential of the SeO4
2�/SeO3

2� couple is �0.48 V
(Table 1) (1). Based on comparison of calculated free energies,
using H2 as the electron donor, the reduction of SeO4

2� to SeO3
2�

falls after the Mn(IV)/Mn(II) reaction and between the NO3
�/N2

and NO3
�/NH4

� redox reactions (15, 36). The reduction of
SeO3

2� to elemental selenium falls between the reduction of ferric
hydroxide [Fe(OH)3] and arsenate (AsO4

3�) but occurs at a

FIG 2 Selenium transformations in nature. Geologic and anthropogenic
sources release selenium as SeO4

2� into the environment. SeRB are ubiquitous
in natural settings and have a key role to play in the biochemical selenium
cycle. SeRB have the ability to use selenate and/or selenite as a terminal elec-
tron acceptor in anaerobic respiration. The reduction of selenium oxyanions
(SeO4

2� and SeO3
2�) is coupled to the degradation of organic matter in an-

aerobic sediments. Both SeO4
2� and SeO3

2� can be reduced to Se0 by bacteria
under anaerobic conditions. Some bacteria reduce SeO4

2� and can incorpo-
rate it into organic compounds, i.e., selenoproteins. Reduction of SeO4

2� to
Se0 appears to be a major sink for Se oxyanions in anoxic sediments. Reduction
of Se(VI) or Se(IV) by SeRB (i.e., Sulfurospirillum barnesii and Bacillus arseni-
ciselenatis) results in the production of insoluble elemental Se0. The opposite
processes, such as oxidation of elemental selenium, can occur in soils and
sediments, albeit at lower rates. Further reduction of elemental Se0 by other
microorganisms (i.e., Bacillus selenitireducens) can lead to the formation of
selenide. The selenide is then oxidized aerobically by selenium-oxidizing bac-
teria (SeOB), such as Thiobacillus, Thiothrix, etc. Alkylation reactions, which
produce volatile (CH3)2Se and (CH3)2Se2, and dealkylation are also important
processes mediated by microorganisms in soil and water (5, 9).

TABLE 1 Important inorganic forms of selenium, with oxidation states and redox potentials, along with other terminal electron acceptors of
anaerobic respiration

Redox couple Oxidation state Half-reaction E0= (V)a

O2/H2O 0/�2 O2 � 4e� � 4H� ¡ 2H2O �0.81
NO3

�/N2 �5/0 2NO3
� � 10e� � 12H� ¡ N2 � 6H2O �0.75

MnO2/Mn2� �4/�2 MnO2 � 2e� � 4H� ¡ Mn2� � 2H2O �0.53
SeO4

2�/SeO3
2� �6/�4 SeO4

2� � 2e� � 2H� ¡ SeO3
2� � H2O �0.48

NO3
�/NH4

� �5/�3 NO3
� � 8e� � 10H� ¡ NH4

� � 3H2O �0.36
SeO3

2�/Se0 �4/0 SeO3
2� � 4e� � 6H� ¡ S0 � 3H2O �0.21

Fe3�/Fe2� �3/�2 Fe(OH)3 � 1e� � 3H� ¡ Fe2� � 3H2O �0.10
SO4

2�/SO3
2� �6/�4 SO4

2� � 2e� � 2H� ¡ SO3
2� � H2O �0.516

Se0/HSe� 0/�2 Se0 � 2e� � H� ¡ HSe� �0.73
a The theoretical reduction oxidation potentials (E0=) under standard conditions were taken from references 1, 36, 146, 147, and 148.
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higher redox potential than that required for sulfate reduction.
The free energies for reduction of SeO4

2� and SeO3
2� coupled to

H2 oxidation (15, 36) are given as follows:

SeO4
2� � H2 � H� → HSeO3

� � H2O; �G� �

�15.53 kcal mol�1 e� (1)

HSeO3
� � 2H2 � H� → Se0 � 3H2O; �G� �

� 8.93 kcal mol�1 e� (2)

The above equations show that selenium oxyanion reduction
can be a significant mechanism for certain microorganisms to
conserve energy in natural environments. The reduction of
SeO4

2� should occur at a slightly lower redox potential than that
required for nitrate reduction but at a higher redox potential than
that needed for sulfate reduction. Thermodynamic calculations
show that SeO4

2� reduction is energetically favorable for micro-
organisms. This means that the reduction of SeO4

2� to SeO3
2�

yields �575 kJ mol�1 of acetate and �343 kJ mol�1 of lactate (15,
37, 38). The stoichiometric equations for the reduction of SeO4

2�

to SeO3
2�, using acetate and lactate as electron donors, are as

follows:

CH3COO� � 4SeO4
2� � H� → 2CO2 � 4SeO3

2� � 2H2O
(3)

C2H4OHCOO� � 2SeO4
2� → CH3COO� � 2SeO3

2�

� HCO3� � H� (4)

Selenate is reducible and can be used as a terminal electron
acceptor by microorganisms to support growth under anoxic or
anaerobic conditions. Consequently, microorganisms may play
an important role in the biogeochemical selenium cycle. Evidence
for dissimilatory reduction of SeO4

2� was first reported by Orem-
land et al. (39) for experiments performed using sediment slurries.
Dissimilatory reduction of SeO4

2� was linked to the production of
stoichiometric amounts of elemental selenium. SeO4

2� reduction
was inhibited by the presence of other electron acceptors, such as
O2, NO3

�, CrO4
2�, or MnO2, but not by SO4

2� or FeOOH (39).
Addition of electron donors (i.e., H2 or acetate) to sediment slur-
ries accelerated the reduction of SeO4

2� to elemental selenium. An
uncharacterized bacterium isolated from the sediments exhibited
growth by coupling acetate oxidation to SeO4

2� reduction and
produced elemental selenium and CO2 as respiratory end prod-
ucts (39). Almost at the same time, Macy et al. (37) discovered a
new mode of bacterial respiration by using an anaerobic coculture
and 14C-labeled acetate. They isolated an anaerobic coculture
from agricultural drainage waters in the San Joaquin Valley (CA)
that was capable of reducing SeO4

2� and SeO3
2� to elemental

selenium. The coculture comprised a strictly anaerobic Gram-
positive rod which reduced SeO3

2� to elemental selenium and a
Pseudomonas sp. which can respire SeO4

2� to SeO3
2�. The cells

were then cultured anaerobically in a minimal medium supple-
mented with acetate plus SeO4

2�. The coculture oxidized [14C]ac-
etate to 14CO2, with concomitant reduction of SeO4

2� to SeO3
2�

and, finally, to elemental selenium.
Subsequent studies showed that phylogenetically diverse

groups of microorganisms are able to couple dissimilatory SeO4
2�

reduction with anaerobic growth (37, 40–44). Interestingly,
SeO4

2�-reducing bacteria not only are phylogenetically diverse
(Fig. 3) but are able to couple growth to reduction of a wide range
of electron acceptors (Table 2) (15, 16, 38, 41, 45, 46). Bacteria
belonging to the Gammaproteobacteria are able to grow by cou-

pling SeO4
2� reduction to the oxidation of aliphatic (i.e., acetate,

ethanol, and lactate) and aromatic (i.e., benzoate, 3-hydroxyben-
zoate, and 4-hydroxybenzoate) compounds. These bacteria were
isolated from the Arthur Kill and the Kesterson Reservoir (28).
Narasingarao and Häggblom enriched and isolated dissimilatory
SeO4

2�-respiring bacteria from geographically and characteristi-
cally different sediment samples from Chennai (India) and New
Jersey by using SeO4

2� as the sole terminal electron acceptor (47,
48). Four bacterial strains were isolated that could grow via dis-
similatory SeO4

2� respiration and belonged to metabolically and
taxonomically diverse taxa of the Gammaproteobacteria, Deltapro-
teobacteria, Deferribacteres, and Chrysiogenetes. Sedimenticola
selenatireducens was isolated using 4-hydroxybenzyoate and
SeO4

2� as the sole electron donor and acceptor, respectively (48).
Although Desulfurispirillum indicum was isolated using pyruvate
and SeO4

2� as the sole electron donor and acceptor, respectively,
the strain was able to couple the oxidation of other short-chain
organic acids, such as lactate and acetate, to SeO4

2� reduction
(49). The D. indicum strain demonstrated metabolic flexibility to
respire SeO4

2� to SeO3
2� and then to elemental selenium under

anaerobic conditions. It was also capable of dissimilatory reduc-
tion of SeO3

2�, AsO4
3�, and NO3

� during anaerobic growth.

Selenite-Respiring Bacteria

Reduction of SeO3
2� to Se0 has been observed in a wide variety of

microorganisms. SeO3
2� reduction by microorganisms can be

categorized broadly into detoxification and anaerobic respiration.

FIG 3 Phylogenetic tree of selenium oxyanion-respiring microorganisms,
based on 16S rRNA gene sequences. The tree was constructed by the neighbor-
joining method (143), using MEGA6 software (144). The bootstrap values are
given as percentages at the nodes.

Selenium Bioreduction

March 2015 Volume 79 Number 1 mmbr.asm.org 65Microbiology and Molecular Biology Reviews

http://mmbr.asm.org


T
A

B
LE

2
Se

le
n

at
e-

an
d

se
le

n
it

e-
re

sp
ir

in
g

ba
ct

er
ia

ca
pa

bl
e

of
pr

od
u

ci
n

g
se

le
n

iu
m

n
an

op
ar

ti
cl

es
by

re
sp

ir
at

io
n

of
ei

th
er

se
le

n
at

e
or

se
le

n
it

e
th

ro
u

gh
di

ss
im

ila
to

ry
m

et
al

re
du

ct
io

n

O
rg

an
is

m
E

n
vi

ro
n

m
en

t
T

ax
on

om
ic

af
fi

lia
ti

on
E

le
ct

ro
n

do
n

or
(s

)
T

er
m

in
al

el
ec

tr
on

ac
ce

pt
or

(s
)a

E
n

d
pr

od
u

ct
of

Se
re

sp
ir

at
io

n
,

Se
n

an
os

ph
er

e
si

ze
(n

m
)

R
ef

er
en

ce
(s

)

B
ac

ill
us

ar
se

ni
ci

se
le

na
ti

s
st

ra
in

E
1H

M
on

o
L

ak
e

se
di

m
en

t,
ea

st
er

n
C

al
if

or
n

ia
G

ra
m

po
si

ti
ve

;F
ir

m
ic

ut
es

La
ct

at
e

Se
O

4
2
�

,A
sO

4
3
�

Se
0

43

B
ac

ill
us

be
ve

ri
dg

ei
st

ra
in

M
LT

eJ
B

M
on

o
La

ke
se

di
m

en
t,

ea
st

er
n

C
al

if
or

n
ia

G
ra

m
po

si
ti

ve
;F

ir
m

ic
ut

es
Se

O
4

2
�

,S
eO

3
2
�

,T
eO

3
2
�

,T
eO

4
2
�

,
A

sO
4

3
�

,N
O

3
�

Se
0

46

B
ac

ill
us

se
le

ni
ti

re
du

ce
ns

st
ra

in
M

LS
10

M
on

o
L

ak
e

se
di

m
en

t,
ea

st
er

n
C

al
if

or
n

ia
G

ra
m

po
si

ti
ve

;F
ir

m
ic

ut
es

La
ct

at
e,

gl
u

co
se

Se
O

3
2
�

Se
0
,2

00
–4

00
43

B
or

de
te

lla
pe

tr
ii

E
n

ri
ch

ed
fr

om
se

di
m

en
t

of
th

e
R

iv
er

Sa
al

e,
Je

n
a,

G
er

m
an

y
G

ra
m

n
eg

at
iv

e;
B

et
ap

ro
te

ob
ac

te
ri

a
A

ce
ta

te
Se

O
4

2
�

,N
O

3
�

Se
0

45

C
lo

st
ri

di
um

sp
.B

X
M

E
n

ri
ch

ed
fr

om
pa

dd
y

so
il,

C
h

in
a

G
ra

m
po

si
ti

ve
;F

ir
m

ic
ut

es
La

ct
at

e
Se

O
4

2
�

,S
eO

3
2
�

,S
O

4
2
�

,S
O

3
2
�

,S
0

Se
0
,5

00
74

D
es

ul
fo

vi
br

io
de

su
lfu

ri
ca

ns
Se

di
m

en
ts

of
Sa

n
Fr

an
ci

sc
o

B
ay

G
ra

m
n

eg
at

iv
e;

D
el

ta
pr

ot
eo

ba
ct

er
ia

La
ct

at
e

Se
O

4
2
�

,S
eO

3
2
�

Se
0
,S

e(
�

II
)

60
D

es
ul

fu
ri

sp
ir

ill
um

in
di

cu
m

sp
.S

5
E

st
u

ar
in

e
se

di
m

en
t,

C
h

en
n

ai
,I

n
di

a
G

ra
m

n
eg

at
iv

e;
C

hr
ys

io
ge

ne
te

s
P

yr
u

va
te

,l
ac

ta
te

,a
ce

ta
te

Se
O

4
2
�

,S
eO

3
2
�

,A
sO

4
3
�

,N
O

3
�

Se
0

49

D
ef

er
ri

ba
ct

er
es

S7
E

st
u

ar
in

e
se

di
m

en
t,

C
h

en
n

ai
,I

n
di

a
G

ra
m

n
eg

at
iv

e;
D

ef
er

ri
ba

ct
er

es
A

ce
ta

te
Se

O
4

2
�

Se
O

3
2
�

47
E

nt
er

ob
ac

te
r

cl
oa

ca
e

SL
D

1a
-1

Fr
es

h
w

at
er

sa
m

pl
es

fr
om

Sa
n

Lu
is

D
ra

in
G

ra
m

n
eg

at
iv

e;
G

am
m

ap
ro

te
ob

ac
te

ri
a

G
lu

co
se

Se
O

4
2
�

,S
eO

3
2
�

,N
O

3
�

Se
0

85

P
el

ob
ac

te
r

se
le

ni
ig

en
es

K
M

7
E

n
ri

ch
m

en
t

cu
lt

u
re

fr
om

K
ea

rn
y

M
ar

sh
se

di
m

en
t

(N
ew

Je
rs

ey
)

G
ra

m
n

eg
at

iv
e;

D
el

ta
pr

ot
eo

ba
ct

er
ia

A
ce

ta
te

,p
yr

u
va

te
,l

ac
ta

te
,

ci
tr

at
e

Se
O

4
2
�

,F
e(

II
I)

,N
O

3
�

,A
Q

D
S,

S0
Se

0
47

P
se

ud
om

on
as

st
ut

ze
ri

pn
1

L
ab

or
at

or
y

co
n

ta
m

in
an

t
G

ra
m

n
eg

at
iv

e;
G

am
m

ap
ro

te
ob

ac
te

ri
a

A
ce

ta
te

Se
O

4
2
�

Se
O

3
2
�

47
P

se
ud

om
on

as
st

ut
ze

ri
N

T
-I

D
ra

in
ag

e
w

at
er

fr
om

a
se

le
n

iu
m

re
fi

n
er

y
pl

an
t,

Ja
pa

n
G

ra
m

n
eg

at
iv

e;
G

am
m

ap
ro

te
ob

ac
te

ri
a

La
ct

at
e

Se
O

4
2
�

Se
0
,2

00
87

P
yr

ob
ac

ul
um

sp
.W

IJ
3

Is
ol

at
ed

fr
om

h
ot

sp
ri

n
gs

of
P

is
ci

ar
el

li
So

lf
at

ar
a,

It
al

y
A

rc
ha

ea
H

2
Se

O
4

2
�

,A
sO

4
3
�

,S
0

Se
0

29

P
yr

ob
ac

ul
um

ar
se

na
ti

cu
m

P
Z

6
Is

ol
at

ed
fr

om
h

ot
sp

ri
n

gs
of

P
is

ci
ar

el
li

So
lf

at
ar

a,
It

al
y

A
rc

ha
ea

H
2

Se
O

4
2
�

,A
sO

4
3
�

,S
0

Se
0

29

G
eo

ba
ct

er
su

lfu
rr

ed
uc

en
s

P
C

A
E

n
ri

ch
m

en
t

fr
om

se
di

m
en

ts
of

di
tc

h
,

N
or

m
an

,O
K

G
ra

m
n

eg
at

iv
e;

D
el

ta
pr

ot
eo

ba
ct

er
ia

A
ce

ta
te

,H
2

Se
O

3
2
�

Fe
(I

II
)

Se
0

54
,8

1

R
ho

do
ba

ct
er

ca
ps

ul
at

us
B

10
Fr

es
h

w
at

er
G

ra
m

n
eg

at
iv

e;
A

lp
ha

pr
ot

eo
ba

ct
er

ia
P

h
ot

os
yn

th
es

is
Se

O
3

2
�

Se
0

31
R

ho
do

sp
ir

ill
um

ru
br

um
Fr

es
h

w
at

er
G

ra
m

n
eg

at
iv

e;
A

lp
ha

pr
ot

eo
ba

ct
er

ia
ph

ot
os

yn
th

es
is

Se
O

3
2
�

Se
0

31
Se

di
m

en
ti

co
la

se
le

na
ti

re
du

ce
ns

A
K

4O
H

1
E

n
ri

ch
m

en
t

fr
om

se
di

m
en

ts
of

K
es

te
rs

on
R

es
er

vo
ir

,C
A

G
ra

m
n

eg
at

iv
e;

G
am

m
ap

ro
te

ob
ac

te
ri

a
4-

H
yd

ro
xy

be
n

zo
at

e,
3-

h
yd

ro
xy

be
n

zo
at

e,
ac

et
at

e,
py

ru
va

te
,

la
ct

at
e

Se
O

4
2
�

,N
O

3
�

,N
O

2
�

Se
O

3
2
�

,S
e0

28
,4

7

Se
le

ni
ha

la
na

er
ob

ac
te

r
sh

ri
ft

ii
D

ea
d

se
a

se
di

m
en

ts
,o

ff
sh

or
e

of
M

as
ad

a,
Is

ra
el

G
ra

m
po

si
ti

ve
;l

ow
G

�
C

G
lu

co
se

,g
ly

ce
ro

l
Se

O
4

2
�

,S
eO

3
2
�

,N
O

3
�

Se
0
,2

00
–4

00
44

,7
8

Sh
ew

an
el

la
sp

.H
N

-4
1

Is
ol

at
ed

fr
om

th
e

co
as

ta
lw

et
la

n
ds

of
H

ae
n

am
Je

ol
la

n
am

-d
o,

R
ep

u
bl

ic
of

K
or

ea

G
ra

m
n

eg
at

iv
e;

G
am

m
ap

ro
te

ob
ac

te
ri

a
La

ct
at

e
Se

O
3

2
�

Se
0
,1

50
–2

00
14

5

Sh
ew

an
el

la
on

ei
de

ns
is

M
R

-1
Is

ol
at

ed
fr

om
O

n
ei

da
L

ak
e,

N
Y

G
ra

m
n

eg
at

iv
e;

G
am

m
ap

ro
te

ob
ac

te
ri

a
La

ct
at

e,
py

ru
va

te
,

fo
rm

at
e

Se
O

3
2
�

,N
O

3
�

,F
e3

�
Se

0
55

,7
9

Su
lfu

ro
sp

ir
ill

um
ba

rn
es

ii
SE

S-
3

Se
O

4
2
�

-c
on

ta
m

in
at

ed
fr

es
h

w
at

er
m

ar
sh

,N
ev

ad
a

G
ra

m
n

eg
at

iv
e;

D
el

ta
pr

ot
eo

ba
ct

er
ia

La
ct

at
e,

H
2

Se
O

4
2
�

,S
eO

3
2
�

,N
O

3
�

,A
sO

4
3
�

,
Fe

(I
II

)
Se

0
,2

00
–4

00
15

,7
8

T
ha

ue
ra

se
le

na
ti

s
A

X
Is

ol
at

ed
fr

om
se

le
n

at
e-

co
n

ta
m

in
at

ed
dr

ai
n

ag
e

w
at

er
of

Sa
n

Jo
aq

u
in

V
al

le
y

B
et

ap
ro

te
ob

ac
te

ri
a

H
2

Se
O

4
2
�

,S
eO

3
2
�

,N
O

3
�

Se
0
,1

20
;S

e(
�

II
)

80

V
ei

llo
ne

lla
at

yp
ic

a
Is

ol
at

ed
fr

om
su

bg
in

gi
va

ld
en

ta
lp

la
qu

e
Fi

rm
ic

ut
es

H
2

Se
O

3
2
�

Se
0
,S

e(
�

II
)

53
a

A
Q

D
S,

an
th

ra
qu

in
on

e-
2,

6-
di

su
lf

on
at

e.

Nancharaiah and Lens

66 mmbr.asm.org March 2015 Volume 79 Number 1Microbiology and Molecular Biology Reviews

http://mmbr.asm.org


Detoxification of SeO3
2� to Se0 in microorganisms is achieved by

various mechanisms, such as Painter-type reactions (31, 50–52),
the thioredoxin reductase system, and sulfide- and siderophore-
mediated reduction. The details of different mechanisms pro-
posed for microbial detoxification by reduction of SeO3

2� to Se0

nanospheres are discussed below. Although reduction of SeO4
2�

to elemental selenium was shown to be an environmentally signif-
icant process, only a few SeO3

2�-respiring bacteria have been iso-
lated (9). Certain SeO4

2�-reducing bacteria have been shown to
perform dissimilatory SeO3

2� reduction as well (Table 2). The
reduction of SeO3

2� to Se0 is energetically favorable and yields
�529.5 kJ mol�1 of acetate and �164 kJ mol�1 of lactate (42). The
stoichiometric equations for the reduction of SeO3

2� to Se0 cou-
pled to the incomplete oxidation of the electron donor lactate to
acetate (equation 5) or pyruvate (equation 6) are as follows:

C2H4OHCOO� � SeO3
2� � H� → CH3COO� � Se0 � HCO3�

� H2O (5)

C2H4OHCOO� � SeO3
2� � H2 � 2H� → CH3COCOO� � Se0

� 3H2O (6)

High-rate SeO3
2� reduction was achieved when Veillonella

atypica cells were supplemented with H2 as the electron donor
(53). Interestingly, little reduction was observed using lactate as
the electron donor, and no reduction at all was achieved using
acetate or formate as the electron donor (53). The colorless
SeO3

2� was reduced sequentially to red insoluble selenium and,
finally, to colorless aqueous selenide. Pearce et al. (54) compared
SeO3

2� reduction capabilities of Geobacter sulfurreducens, She-
wanella oneidensis, and V. atypica. All three bacterial cultures
transformed SeO3

2� to Se0 when grown in a medium containing
Se oxyanions and an electron donor. Among the three strains, it
was found that V. atypica was the most efficient SeO3

2� reducer. It
was proposed that SeO3

2� reduction involves the formation of a
crystalline intermediate in G. sulfurreducens and S. oneidensis
MR-1 but not in V. atypica cells. The Se oxyanion reduction rate
and the nature of the bioreduced Se form are influenced by the
type of microorganism and the bioreduction mechanism. In some
microorganisms, respiratory reductases of anaerobic respiration,
such as nitrite reductase and sulfite reductase, are active in SeO3

2�

reduction. Until now, detailed investigation of SeO3
2� reduction

via respiratory electron transport pathways was limited to a single
study using S. oneidensis MR-1 (55). More details on the roles of
respiratory reductases and the electron transport pathway in S.
oneidensis MR-1 for SeO3

2� reduction are described below.

Se0-Respiring Bacteria

In environmental settings, selenium is often observed as metal
selenide minerals in rocks and sediments (1), but not as elemental
selenium. However, the mechanisms of selenide incorporation
during diagenesis of sedimentary rocks are not clearly understood
(56). Formation of selenide from Se0 reduction is thermodynam-
ically unfavorable through abiotic mechanisms such as dispropor-
tionation (56), as shown by the following:

4Se0 � 4H2O → 3HSe� � SeO4
2� � 5H�; �G� �

�14.6 kcal mol�1 e� (7)

Therefore, it is likely that biotic mechanisms, such as assimila-
tory and dissimilatory selenium reduction, contribute to the oc-
currence of selenide in environmental settings.

In assimilatory metabolism, selenium is incorporated into
amino acids and then into selenoproteins, mainly in the form of
selenide. Release of selenide by the decomposition of plants and
animals may be a source of environmental selenide. The methyl-
ated forms of selenium (dimethyl selenide and dimethyl disele-
nide) also contain selenide. Biomethylation is a widely studied
metabolic process which deals with the formation of both volatile
and nonvolatile compounds of metal and metalloids (31, 51). Se-
lenium methylation by the members of the Gammaproteobacteria
was observed in freshwater sediments (52). Microbial methylation
of selenium forms volatile compounds, such as dimethyl selenide,
dimethyl diselenide, dimethyl selenyl sulfide, hydrogen selenide,
and methaneselenol (53, 57). Microbial selenium methylation is
significant in environmental settings, although it is a slow process
(54). For additional details, the reader is referred to excellent re-
views on microbial methylation of metalloids (58, 59). Demethy-
lation is carried out by methylotrophic methanogens in anoxic
sediments and may proceed via pathways that have been estab-
lished for growth on the structural analogue dimethyl sulfide (60,
61). In addition, insoluble elemental selenium is reduced to solu-
ble hydrogen selenide in the cell cytoplasm by thiol-mediated re-
duction (51).

There are limited studies on the microbial reduction of sele-
nium oxyanions beyond elemental selenium. So far, there are only
a few bacterial species that are known to be able to extend the
selenium reduction pathway beyond insoluble elemental sele-
nium. At least some of the SeO4

2�- or SeO3
2�-respiring bacteria

may have the capability to reduce elemental selenium as well (Ta-
ble 2). Formation of selenide was observed when cells of Salmo-
nella enterica serovar Heidelberg (62) or cell extracts of Micrococ-
cus lactilyticus (63), Clostridium pasteurianum, and Desulfovibrio
desulfuricans were exposed to SeO3

2� (64). Zehr and Oremland
(65) showed that the sulfate-reducing bacterium D. desulfuricans
and anoxic estuarine sediments reduce trace amounts of 75SeO3

2�

to 75Se(�II) in the presence of sulfate.
Herbel et al. (56) supplied elemental selenium as a terminal

electron acceptor to SeRB and estuarine sediments. Bacillus sel-
enitireducens, a SeO3

2�-respiring bacterium, produced significant
amounts of selenide from Se0 or SeO3

2�. Microbial reduction of
Se0 to Se(�II) occurred in estuarine sediments but not in forma-
lin-killed control sediments. The aqueous selenide was then pre-
cipitated as FeSe in the medium (56). The free energies for dissim-
ilatory reduction of Se0 to HSe� with the incomplete oxidation of
the electron donor lactate to acetate are given as follows:

C2H4OHCOO� � 2Se0 � 2H2O → CH3COO� � 2HSe�

� HCO3� � 3H�; �G� � �2.8 kcal mol�1 e� (8)

C2H4OHCOO� � 2Se0 � 2Fe2� � 2H2O → CH3COO�

� 2FeSe � HCO3� � 5H�; �G� � �7.2 kcal mol�1 e� (9)

Surprisingly, the reduction of Se0 to Se(�II) was not observed
in the case of the SeO4

2�-respiring bacteria, i.e., Sulfurospirillum
barnesii, Bacillus arseniciselenatis, and Selenihalanaerobacter
shriftii. Transformation of SeO3

2� to HSe� by the SeO3
2�-reduc-

ing bacterium V. atypica was exploited for the production of metal
chalcogenides (i.e., CdSe and ZnSe) (53, 66). Formation of HSe�

was observed only after the complete reduction of SeO3
2� by V.

atypica or B. selenitireducens. The observed biphasic SeO3
2� re-

duction, with SeO3
2� reduction to Se0 followed by Se0 reduction

to HSe� (56), suggests that the reduction of elemental selenium is
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energetically favorable to microorganisms only if other, more fa-
vorable electron acceptors, including SeO3

2�, are not available for
anaerobic respiration (53, 56). However, it remains puzzling why
Se0 reduction to selenide was not observed in SeO4

2�-respiring
bacteria.

Fractionation of Selenium Isotopes by Selenium-Respiring
Bacteria

Studies using Se isotopes demonstrated that isotope fractionation
occurs as a result of abiotic and microbial reduction processes. For
the abiotic processes, Se isotope fractionation occurs during
chemical reduction of selenate to selenite but not during selenite
adsorption onto ferric hydroxide and Se0 oxidation (67). Abiotic
reduction of Se(VI) to Se(IV) induced a fractionation of �5.5‰.

Se isotope fractionation was found to be significant during bac-
terial respiration of Se oxyanions, and the extent of fractionation
depends on the bacterial species and the metabolic state of micro-
organisms. Herbel et al. (68) discovered significant isotope frac-
tionation during dissimilatory reduction of selenate or selenite to
elemental selenium by SeRB, i.e., B. selenitireducens, B. arseni-
ciselenatis, and Sulfurospirillum barnesii. The reduction reaction
products were enriched with the lighter isotopes relative to reac-
tants: 80Se/76Se fractionation levels of �8‰, �6‰, and �8.4‰
were observed during reduction of Se(IV) to Se0 by B. selenitire-
ducens, B. arseniciselenatis, and S. barnesii, respectively. B. arseni-
ciselenatis and S. barnesii induced isotopic fractionation levels of
�5‰ and �4‰, respectively, during the reduction of Se(VI) to
Se(IV). Se stable isotope fractionation due to reduction of Se oxy-
anions by natural microbial communities was determined in mi-
crocosm experiments using sediment slurries without the addi-
tion of an electron donor. Isotope fractionation levels of �3.9‰
to �4.7‰ were observed during the reduction of Se(VI) to
Se(IV), and levels of �8.3‰ to �8.6‰ were observed during the
subsequent reduction of Se(IV) to Se0 (69).

Ecology of Selenium-Reducing Bacteria

Selenium-respiring bacteria have been detected in pristine and
contaminated water and soil samples collected from geographi-
cally diverse environments. Dissimilatory selenate reduction to
elemental selenium was measured in situ in sediments from irri-
gated agricultural drainage regions of western Nevada at ambient
Se oxyanion levels (63). Selenate reduction was observed without
any lag period. The selenate removal rates ranged from 14 to 155
�mol m�2 day�1 for the sediments. Subsequently, radioisotopic
methods were used to measure bacterial dissimilatory selenate
reduction in situ (70, 71). Sediments of the agricultural drainage
system of western Nevada were incubated with [78Se]selenate in
the laboratory. Most of the selenate reduction was confined to the
surface regions of the sediments in close proximity to denitrifica-
tion regions and spatially separated from the sulfate reduction
regions in the deeper sediment profile.

There is still a limited understanding of the abundance and true
ecological role of SeRB in situ in natural environments. Recently,
Williams et al. (10), by employing molecular microbial ecology
tools, provided evidence for the reduction of SeO4

2� to elemental
selenium coupled to acetate oxidation in a field-scale experiment
carried out in a uranium-contaminated aquifer near Rifle, CO.
Bioreduced elemental selenium, with a diameter of 50 to 60 nm,
accumulated within the biofilms formed on the tubing used to
circulate acetate-amended groundwater through the soil. Phylo-

genic analysis of the biofilms showed a dominance of Dechloromo-
nas sp. and Thauera sp. strains in the community (10).

Dissimilatory selenate reduction is constitutive and widespread
in natural environments, where selenium oxyanions are not nor-
mally present in significant amounts. Rapid appearance of SeRB in
enrichments suggests that they are ubiquitous and metabolically
active in nature. Dissimilatory selenate reduction potentials were
determined for sediments with salinities ranging from that of fresh
water (salinity � 1 g liter�1) to hypersaline (salinity � 320 g li-
ter�1) and with pH values ranging from 7.1 to 9.8 (63). Significant
bacterial transformation of 75SeO4

2� to 75Se0 occurred in sedi-
ments with salinity values ranging from 1 to 250 g liter�1.

Bacteria that can couple the oxidation of inorganic (i.e., hydro-
gen) and organic (i.e., aliphatic and aromatic compounds) com-
pounds to the reduction of selenium oxyanions are obtained from
different environments, which indicates their ecological role in
the carbon cycle (Fig. 4). SeRB metabolize fermentation products
and other organics, such as aromatic compounds, by oxidizing
them to carbon dioxide, with SeO4

2� and/or SeO3
2� as the elec-

tron acceptor. Dechloromonas sp. and S. selenatireducens can both
couple the oxidation of aliphatic and aromatic compounds to dis-
similatory reduction of selenium oxyanions (28). Effective oxida-
tion of organic matter in anaerobic natural environments requires
the contribution of microbial communities, such as fermenting

FIG 4 Carbon and electron flow in the oxidation of complex organic matter
coupled to reduction of selenium oxyanions in anoxic water and sediment
environments. The complex organic matter is hydrolyzed by hydrolytic bacte-
ria. The fermentable substrates are oxidized by fermentative bacteria into hy-
drogen and a range of fermentation products (i.e., acetate, lactate, propionate,
and butyrate). These fermentation products and others are consumed by cou-
pling to reduction of SeO4

2� and SeO3
2� by dissimilatory reducing bacteria.

Bacteria capable of coupling oxidation of aromatic compounds (i.e., benzoate,
4-hydroxybenzoate, and 3-hydroxybenzoate) to SeO4

2� reduction have been
isolated from estuarine sediments by enrichment (28, 48). The question mark
shows an unidentified process and unidentified microorganisms.
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and metal-reducing microorganisms (72, 73). Dissimilatory re-
duction of selenium oxyanions by a fermentative bacterium, i.e.,
Clostridium sp. BXM, has also been demonstrated (74). However,
there is no information available on the ability of SeRB to oxidize
long-chain fatty acids.

In the absence of other thermodynamically favorable electron
acceptors, the selenium cycle can contribute to organic matter
oxidation. Like other dissimilatory reducing bacteria (i.e., iron-
and sulfate-reducing bacteria), SeRB can use various other elec-
tron acceptors for cell maintenance and growth (Table 2). For
example, electron acceptors such as nitrate, nitrite, arsenate, and
chromate are reduced by some known SeRB. SeRB can even fer-
ment substrates in the absence of inorganic electron acceptors
(74). In addition, many SeRB can use organics (i.e., fumarate) as
terminal electron acceptors for growth.

MECHANISMS OF SELENIUM OXYANION REDUCTION

Reduction of Se oxyanions is widespread in natural environments.
It is mediated by diverse groups of microorganisms under both
aerobic and anaerobic conditions. Several sulfate-reducing bacte-
ria (65, 75) and Wolinella succinogenes (76) were reported to re-
duce significant amounts of SeO4

2� under anaerobic conditions
without coupling bioreduction to growth. Also, some pho-
totrophic bacteria can reduce SeO4

2� in the stationary phase un-
der anaerobic growth conditions (62, 64). However, anaerobic
respiration appears to be the most environmentally significant
process for the selenium cycle (9, 15). Hence, the present review
focuses on the biochemistry of anaerobic respiration of selenium
oxyanions, which is relatively well investigated.

Selenate Reduction

A number of microorganisms have evolved the biochemical ma-
chinery to use SeO4

2� as a terminal electron acceptor in anaerobic
respiration. Under anaerobic conditions, SeO4

2� is reduced se-
quentially to selenite and then to insoluble elemental selenium.
Respiration of SeO4

2� is often associated with the formation of
brick red-colored elemental selenium (Fig. 5). The overall process
of microbial SeO4

2� reduction leading to the formation of Se0 (77)
is given in equations 10 and 11:

SeO4
2� � 2e� � 2H� → SeO3

2� � H2O (10)

SeO3
2� � 4e� � 6H� → Se0 � 3H2O (11)

Imaging of SeO4
2�-respiring cells by transmission electron mi-

croscopy localized selenium nanospheres both inside the cell and
in the extracellular medium (78, 79). Since selenium is an essential
trace element used in the synthesis of selenoproteins, selenium
must enter cells for its assimilation. However, the reduction inside
the cytoplasm leads to the formation of selenium precipitates,
which may pose a burden on cells for export outside the cell. In
general, dissimilatory reduction of selenium oxyanions through
anaerobic respiration can be divided into a two-step process in-
volving formation of elemental selenium and fabrication of sele-
nium nanospheres. The enzymes and electron transport pathways
involved in SeO4

2� reduction have been investigated relatively
well compared to the assembly and secretion of selenium nano-
spheres. The enzymes involved in SeO4

2� respiration were inves-
tigated primarily in two Gram-negative bacteria (Thauera selena-
tis and Enterobacter cloacae SLD1a-1) and one Gram-positive
bacterium (Bacillus selenatarsenatis SF-1).

T. selenatis. T. selenatis is a Gram-negative betaproteobacte-

rium that uses SeO4
2� as an electron acceptor and was isolated

from the seleniferous waters of the Joaquin Valley in California
(80). Accumulation of red elemental selenium nanospheres has
been observed in the cytoplasm and in extracellular spent medium
(81). Biochemical analysis demonstrated that the selenate reduc-
tase (Ser) is located in the periplasmic space. The selenate-to-
selenite reduction reaction is catalyzed by a trimeric molybdoen-
zyme, SerABC selenate reductase, and occurs in the periplasmic
compartment of T. selenatis (Fig. 6). The enzyme consists of a
catalytic unit (SerA; 96 kDa), an iron-sulfur protein (SerB; 40
kDa), a heme b protein (SerC; 23 kDa), and a molybdenum cofac-
tor (82). SerA and SerB were found to contain a cysteine-rich
motif. Electron paramagnetic resonance (EPR) analysis showed
the presence of two types of iron-sulfur (i.e., [3Fe-4S] and [4Fe-
4S]) clusters (81). Coordination of one [3Fe-4S] and three [4Fe-
4S] clusters was predicted by the modeling of data obtained by
EPR analysis. Electron transfer to periplasmic cytochrome c4 is
proposed to be via quinol cytochrome c oxidoreductase (QCR)
(83). Inhibitors of selenate reduction were used to decipher the
electron transport pathway. The growth of T. selenatis was only
partially inhibited in the presence of myxothiazol, a QCR inhibi-
tor, indicating the existence of an alternate pathway for the elec-
tron transfer to SerABC. Complete inhibition of SeO4

2� reduc-
tion was achieved in the presence of both myxothiazol and HQNO
(2-n-heptyl-4-hydroxyquinoline N-oxide), suggesting the in-
volvement of both a QCR and a quinol dehydrogenase (QDH) in
SeO4

2� reduction (83). SerD is a cytoplasmic protein and might
act as a chaperone assembly protein involved in the insertion of
the molybdenum cofactor into SerA (84).

This model explains the reduction of SeO4
2� to SeO3

2� in the
periplasmic space but does not provide evidence on further reduc-
tion of SeO3

2� to elemental selenium. SeO3
2� formed in the

periplasmic place is presumed to be transported to the cytoplasm
via a sulfate transporter and is reduced to elemental selenium in

FIG 5 Reduction of SeO4
2� to elemental selenium by immobilized cells of

Sulfurospirillum barnesii cells (120) and anaerobic granules (121). (A) Orange-
red elemental selenium produced by S. barnesii cells immobilized on poly-
acrylamide beads during 7 days of incubation at 30°C. (The image was re-
printed from reference 120 with permission.) (B) Environmental scanning
electron microscope image of anaerobic granules collected from a mesophilic
(30°C) UASB reactor performing SeO4

2� bioreduction, using lactate as the
electron donor. White arrows show bacterial cells. Black arrows show elemen-
tal selenium nanospheres on the surfaces of microorganisms. Bar � 1 �m.
(Modified from reference 121 with permission of the publisher [copyright
2008 American Society of Agronomy, Crop Science Society of America, and
Soil Science Society of America].)
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the cytoplasm (77). Reduction of SeO3
2� to elemental selenium

was hypothesized to occur by thiol-mediated reduction in the cy-
toplasm. Recently, a new 95-kDa protein, SefA (selenium factor
A), was isolated from the elemental Se secreted from T. selenatis
cells into the extracellular medium (77). Evidence shows that the
SefA protein is involved in stabilization of selenium nanospheres
by preventing their aggregation and may possibly aid in the secre-
tion process. For additional details on biomineralization of sele-
nium and the assembly of Se0 nanospheres in T. selenatis, the
reader is referred to the recent review by Butler et al. (81).

E. cloacae SLD1a-1. E. cloacae SLD1a-1 is a SeO4
2�-respiring

bacterium isolated from the selenium-rich waters of the San Luis
Drain in California (85). In SLD1a-1, intracellular accumulation
of selenium nanospheres was not observed during SeO4

2� respi-
ration. Biochemical studies suggested that SeO4

2� reductase of E.
cloacae SLD1a-1 is a membrane-bound trimeric complex with a
catalytic subunit of 100 kDa (85, 86). The SeO4

2� reductase activ-
ity of E. cloacae SLD1a-1 was inhibited by tungstate but activated
by molybdate, suggesting that the enzyme is a molybdoenzyme.
Molybdenum has been detected in the purified enzyme of E. clo-

acae SLD1a-1. The SeO4
2� reductase is positioned in the inner cell

membrane such that the active site faces the periplasmic compart-
ment (Fig. 7A). The reduction of SeO4

2� to elemental selenium
occurs in the periplasmic compartment, and the selenium nano-
spheres are expelled into the extracellular environment (85).

B. selenatarsenatis SF-1. B. selenatarsenatis SF-1 is a Gram-
positive bacterium that was isolated from the effluent sediments of
a glass manufacturing plant by using lactate and SeO4

2� as the
electron donor and acceptor, respectively (40, 87). The strain
shows a stoichiometric relationship between cell growth, lactate
consumption, and SeO4

2� reduction. The SeO4
2� reductase of B.

selenatarsenatis SF-1 is a membrane-bound, trimeric molybdoen-
zyme (Fig. 7B). The electrons from the quinol pool (QH2) are

FIG 6 Model showing the proposed electron transport pathway involved in
SeO4

2� reduction in Thauera selenatis (77). The membrane-bound quinol
cytochrome c oxidoreductase (QCR) supplies electrons for SeO4

2� reduction.
The electrons are shunted to periplasmic cytochrome c4 (cytc4) and then to
SerABC, located in the periplasmic compartment (77, 81, 149). The reduction
of SeO4

2� to SeO3
2� occurs in the periplasmic compartment. Subsequently, it

was proposed that SeO3
2� crosses the inner cytoplasmic membrane and enters

the cytoplasm through an unknown mechanism. However, SeO3
2� is thought

to enter the cell through the sulfate permease system in E. coli (89). Reduction
of SeO3

2� to elemental selenium occurs in the cytoplasm via thiol-mediated
detoxification. Elemental selenium binds to the SefA protein to form a sele-
nium nanosphere, which is subsequently exported to the extracellular envi-
ronment. The process by which SefA-Se is exported from the cytoplasm to the
extracellular environment remains unknown. The identification of a gene
(sefB) encoding a putative S-adenosylmethionine (SAM)-dependent methyl-
transferase might also provide a mechanism for SeO3

2� detoxification via
volatilization to methylated selenides (R-Se-R). OM, outer membrane; CM,
cell membrane. The schematic drawing was created by using information from
references 77 and 89. Dotted lines and question marks show unidentified
processes.

FIG 7 Models showing the proposed electron transport pathways involved in
SeO4

2� reduction in Enterobacter cloacae SLD1a-1 (A) and Bacillus selena-
tarsenatis SF-1 (B). In E. cloacae SLD1a-1, the active site of the membrane-
bound SeO4

2� reductase faces the periplasmic compartment (85, 86). The
reduction of SeO4

2� was proposed to occur in the periplasmic space, and the
resultant elemental selenium is expelled away from the periplasmic space to
the extracellular environment. In B. selenatarsenatis SF-1, a membrane-bound
SrdBAC catalyzes SeO4

2� reduction to elemental selenium. The electrons are
shunted from the quinol pool to SeO4

2� via SrdC, SrdB (an iron-sulfur pro-
tein), and SrdA. Selenate is reduced by the molybdenum-containing subunit
SrdA (88). The produced selenium nanoparticles are released into the extra-
cellular medium. OM, outer membrane; CM, cell membrane. Dotted lines and
question marks show unidentified processes.
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channeled to the catalytic subunit (SrdA) via SrdC and an iron-
sulfur protein, SrdB (Fig. 7B). SeO4

2� receives the electrons from
SrdA via the molybdenum cofactor (88). The active site faces out-
side the cell, and the end products of SeO4

2� respiration, elemen-
tal selenium nanospheres, are released into the extracellular me-
dium. In both E. cloacae SLD1a-1 and B. selenatarsenatis SF-1,
reduction of SeO4

2� occurs primarily either in the periplasmic
space or outside the cell, and the biogenic selenium nanospheres
are released into the extracellular medium.

Selenite Reduction

Reduction of SeO3
2� to elemental selenium was widely recognized

to be mediated by thiols in the cytoplasm as part of a microbial
detoxification strategy (51, 89). SeO3

2� reacts with GSH and
forms selenodiglutathione (GS-Se-SG), which is further reduced
to selenopersulfide of glutathione (GS-Se�) by NADPH-glutathi-
one reductase. The selenopersulfide of glutathione is an unstable
intermediate and undergoes a hydrolysis reaction to form Se0 and
reduced GSH.

Different mechanisms have been proposed for the reduction of
SeO3

2� to Se0 in microorganisms, including (i) Painter-type reac-
tions, (ii) the thioredoxin reductase system, (iii) siderophore-me-
diated reduction, (iv) sulfide-mediated reduction, and (v) dissim-
ilatory reduction (90) (Fig. 8). Painter observed a high reactivity
between SeO3

2� and thiols and demonstrated the formation of
selenotrisulfide (RS-Se-SR) (50). Formation of RS-Se-SR was
confirmed in vivo in Escherichia coli cells exposed to SeO3

2� by
using 77Se nuclear magnetic resonance (77Se-NMR) (82), giving
the following equation:

4RSH � SeO3
2� � 2H� → RS-Se-SR � RSSR � 3H2O

(12)

Subsequently, Ganther proposed an analogous Painter-type re-
action between the reduced GSH and SeO3

2� and showed the
formation of selenotrisulfide of glutathione (GS-Se-SG) (50, 91).
The selenotrisulfide was later renamed selenodiglutathione,
which is converted to the selenopersulfide anion (GS-Se�) by glu-
tathione reductase. Kessi and Hanselmaan (51) modified the re-
actions of Painter and Ganther because of production of superox-

ide anions during abiotic reduction of selenite by glutathione in E.
coli cells grown in the presence of SeO3

2� (50, 92). In aerobic
bacteria and some anaerobic bacteria, superoxide anions are re-
moved by superoxide dismutase and catalase enzymes to protect
cells from oxidative stress. GS-Se� is an unstable compound and
undergoes a hydrolysis reaction to form GSH and Se0, as follows:

6GSH � 3SeO3
2� → 3GS-Se-SG � 3O2� � 3H2O (13)

GS-Se-SG � NADPH → GSH � GS-Se� � NADP�

(14)

GS-Se� � H� → GSH�Se0 (15)

The levels of reduced thioredoxin [Trx(SH)2] and thioredoxin
reductase (93) were increased in E. coli cells grown in medium
containing SeO3

2�. The reduced thioredoxin reacts with selenodi-
glutathione and forms oxidized thioredoxin (Trx-S2), reduced
glutathione, and selenopersulfide anion. Elemental selenium is
released from the reactive selenopersulfide anion as shown in
equation 15. Thus, reduced thioredoxin and thioredoxin reduc-
tase were hypothesized to be involved in the reduction of selenite
and selenodiglutathione, respectively (94), as follows:

Trx�SH�2 � GS-Se-SG → Trx-S2 � GSH � GS-Se� � H�

(16)

Trx-S2 � NADPH � H� → Trx�SH�2 � NADP� (17)

In addition, SeO3
2� can react with the reactive biogenic sulfide

abiotically and yields both elemental selenium and sulfur (95, 96):

SeO3
2� � 2HS� � 4H� → Se0 � 2S0 � 3H2O (18)

An iron siderophore, pyridine-2,6-bis(thiocarboxylic acid)
(PDTC; [C7H3O2S2]2�), produced by Pseudomonas stutzeri KC,
was proposed for the detoxification of selenite through reduction
and formation of insoluble Se0 precipitates (97). A hydrolysis
reaction was proposed for the release of dipicolinic acid
([C7H3O4]2�) and H2S from PDTC (equation 19). The hydro-
lyzed product of PDTC, H2S, acts as the reducing agent and forms
Se0 (90):

[C7H3O2S2]2� � 2H2O → [C7H3O4]2� � 2HS� � 2H�

(19)

Apart from glutathione-mediated reduction, respiratory reduc-
tases (i.e., nitrite reductase, sulfite reductase, and hydrogenase 1)
can support SeO3

2� reduction in some microorganisms (e.g., T.
selenatis AX, Rhizobium sullae strain HCNT1, and Clostridium
pasteurianum) (98–100).

Selenite reduction-deficient mutants of S. oneidensis MR-1 were
incapable of anaerobic growth with Fe(III), NO3

�, NO2
�, SO3

2�,
Mn(IV), or fumarate as the sole terminal electron acceptor, which
suggested a link between selenite reduction and anaerobic respi-
ration (101). Recently, Li et al. (55) experimentally demonstrated
the existence of an anaerobic respiratory pathway for SeO3

2� re-
duction in S. oneidensis MR-1 (Fig. 9). Mutant strains defective in
periplasmic terminal reductases, i.e., nitrate reductase (NapA),
nitrite reductase (NrfA), and fumarate reductase (FccA), and
periplasmic mediators of anaerobic respiration, i.e., MtrA and
DmsE, were tested for SeO3

2� reduction ability (55). The �napA
and �nrfA mutant strains reduced selenite at the same rate as
wild-type S. oneidensis MR-1. Selenite reduction was decreased
60% in the �fccA mutant compared to the wild-type strain. Severe
inhibition of SeO3

2� reduction was observed in the �cymA mu-

FIG 8 Selenite reduction mechanisms in microorganisms. The microbial re-
duction of selenite to elemental selenium may occur via (i) Painter-type reac-
tions with thiol (SH) groups of glutathione and proteins (50, 51, 90–92), (ii)
thioredoxin and the thioredoxin reductase system (93, 94), (iii) abiotic reduc-
tion coupled by H2S to sulfate reduction (95, 96), (iv) siderophore-mediated
reduction (95, 96), and (v) dissimilatory reduction (9, 15, 16).

Selenium Bioreduction

March 2015 Volume 79 Number 1 mmbr.asm.org 71Microbiology and Molecular Biology Reviews

http://mmbr.asm.org


tant; CymA channels electrons from the quinol pool to several
respiratory reductases in S. oneidensis MR-1 during anaerobic
growth. But the deletion of another electron-shunting molecule,
SirCD, did not decrease SeO3

2� reduction. These results suggested
a possible involvement of FccA and CymA in catalyzing SeO3

2�

reduction and shunting electrons from the quinol pool to FccA,
respectively. It is still unclear if SeO3

2� reduction in S. oneidensis
MR-1 is linked to growth or is just a fortuitous process that occurs
without supporting growth. It is possible that S. oneidensis MR-1
grows by anaerobic respiration of other electron acceptors, i.e.,
Fe(III), nitrate, or nitrite, and executes SeO3

2� reduction for de-
toxification, wherein FccA removes the selenite that has entered
the periplasm to avoid its entry into the cytoplasm and toxicity.

LOCATION OF Se0 SYNTHESIS AND EXPULSION

The formation of an amorphous red elemental nanoprecipitate
has been found as the stable end product of Se oxyanion reduction
by microorganisms. Following microbial reduction, the elemental
selenium grows in the form of selenium nanospheres. The size,
shape, and surface properties are important in governing the fate
of selenium nanospheres in the environment. Microbiologically
produced Se0 selenospheres exhibit colloidal properties, which
makes it difficult to achieve complete selenium removal, the ulti-
mate objective of bioremediation or wastewater treatment. The
colloidal Se0 can still be mobile and be discharged with the treated
waters and has potential for mobility in aqueous environments.
Removal of colloidal Se0 from bioreactor effluents is necessary to
meet discharge limits and to reduce environmental pollution
(102). The colloidal properties of Se0 nanospheres are majorly

determined by the organic layer associated with them. The nature
and origin of components of the organic coating of Se0 nanopar-
ticles might be related to the location of their formation.

There are still unresolved questions on the microbial genesis of
intracellular and/or extracellular Se0 nanospheres, particularly re-
garding the secretion of intracellularly synthesized Se0 nano-
spheres. Divergent hypotheses have been formulated to explain
the emergence of selenium nanospheres both inside the cell and
in the extracellular medium. Selenium-containing protrusions on
the cell surface and selenium particles in the extracellular medium
were observed in E. cloacae SLD1a-1 exposed to SeO4

2� or SeO3
2�

(85, 86). It was proposed that the reduction reaction occurs
through a membrane-associated reductase. Se nanospheres
formed by the anaerobic respiration of SeO4

2� or SeO3
2� were

released into the medium surrounding E. cloacae SLD1a-1 cells via
a rapid expulsion process.

Large amounts of selenium-containing particles were observed
in the extracellular medium of the photosynthetic bacterium Rho-
dospirillum rubrum after SeO3

2� reduction (31). It is proposed
that this bacterium is efficient at transporting these selenium par-
ticles out of the cells via a vesicular secretion system. In contrast,
release of elemental selenium particles into the medium sur-
rounding D. desulfuricans was proposed to be due to cell lysis (76).
However, there is not enough experimental evidence in support of
either vesicular secretion or cell lysis for the release of intracellu-
larly formed Se0 nanospheres, and it is desirable to further eluci-
date the mechanisms behind the location of reduction sites and
the transportation mechanisms.

It is emerging that during dissimilatory reduction, extracellu-
lar accumulation of Se0 nanospheres is much more than the
intracellular accumulation. The difference was much more pro-
nounced when SeO3

2� reduction was performed using nitrate-
respiring cells (78) or E. coli amended with exogenous redox me-
diators (103). Such a larger accumulation of Se0 nanospheres
outside the cell cannot be explained by intracellular synthesis fol-
lowed by secretion. The large size of Se0 particles also suggests that
either cell lysis (76) or disassembly of particles to the size of a
macromolecular complex (31) prior to secretion is the only pos-
sible way out for Se0 particles formed inside the cytoplasm. Both
processes are, however, detrimental to bacteria and might not be
part of a microbial respiration process.

Biochemical studies of SeRB show that SeO4
2� reductases are

mainly located in the periplasmic space, which essentially sup-
ports the idea that the majority of the SeO4

2� reduction occurs
either in the periplasm or outside the cell. Dissimilatory reduction
of SeO3

2� is also mediated by a periplasmic reductase system (55),
which indicates that the majority of the SeO4

2� and SeO3
2� re-

duction to Se0 occurs either in the periplasm or outside the cell
envelope. Some of the SeO3

2� bypasses dissimilatory reduction in
the periplasmic space and enters the cytoplasm, where it is re-
duced to intracellularly accumulated Se0 particles by the thiol-
mediated detoxification mechanism. This can be an important
issue in SeRB which respire SeO4

2� but not SeO3
2�, wherein the

bulk of Se0 particle formation occurs in the cytoplasm. In this case,
the export of Se0 particles out of the cells is needed. For example,
T. selenatis, which does not use SeO3

2� as a respiratory substrate,
appears to have developed a biochemical machinery for export of
intracellularly synthesized Se0 nanospheres (77).

It seems possible that the internal and external Se0 nanospheres
are formed by different and independent mechanisms. The extra-

FIG 9 Schematic of proposed electron transport pathway of Shewanella one-
idensis MR-1 for anaerobic reduction of SeO3

2�. The oxidation of lactate re-
leases electrons in the form of NADH, which are channeled to CymA through
NADH dehydrogenase and the quinol pool. Electron flow from CymA to
SeO3

2� enables formation of elemental selenium in the periplasmic compart-
ment. OM, outer membrane; CM, cell membrane. Dotted lines and question
marks show as yet unidentified processes. (Based on data from reference 55.)
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cellular accumulation of Se0 nanospheres appears to be linked
directly to an electron transport pathway and anaerobic respira-
tion (78). Intracellular accumulation might be the result of a de-
toxification of SeO3

2� that has escaped from the respiratory elec-
tron transport pathway in true SeRB and entered the cytoplasm
via sulfate, nitrite, or an independent, as yet unidentified trans-
porter.

BIOTECHNOLOGICAL APPLICATIONS OF SELENIUM-
REDUCING BACTERIA

Microbial Selenium Reduction for Wastewater Treatment

Selenium is widely used in many industrial processes and products
(i.e., electronics, glass manufacturing, pigments, stainless steel,
metallurgical additives, photoelectric cells, and pesticides), which
leads to the generation of SeO4

2�- and/or SeO3
2�-containing

wastewaters (5, 104, 105). The combustion of selenium-bearing
coals in power plants results in the release of SeO4

2� and/or
SeO3

2� into the flue gas or fly ash (5, 6). In natural environments,
oxidation of selenium-containing pyrite results in the occurrence
of elevated amounts of SeO4

2� along with sulfate in acid mine
drainage and groundwater (96). Selenium contamination of wet-
lands of the San Joaquin Valley, CA, is due to the release of agri-
cultural drainage waters containing SeO4

2� and/or SeO3
2� (106).

The solid wastes (i.e., mine tailings) and liquid effluents from coal
and phosphate mining activities are highly enriched with sele-
nium compared to the Earth’s crust and surface waters.

Chemical coprecipitation with iron salts is often used to remove
SeO4

2�/SeO3
2� from industrial wastewaters. However, this

method generates sludge with selenium in a nonrecyclable form,
which requires additional handling (107). Alternative, environ-
mentally sustainable technologies are needed to remove selenium
from these industrial wastewaters, preferably in a recoverable
form. Dissimilatory reduction by microorganisms can be used for
the removal of water-soluble forms of selenium (i.e., SeO4

2� and
SeO3

2�) by converting them into insoluble elemental selenium.
Recovery of selenium is seriously considered in industrial waste-
water treatment to partially offset the costs incurred by treatment.
However, several studies have demonstrated that the bacterially
recovered selenium is not in pure form and often contains differ-
ent selenium species, heavy metals, and organics (5). Selenium
recovery is still challenging, because bacterially produced Se0 ex-
hibits colloidal properties and requires development of novel
methods for separation of colloidal Se0 from the treated wastewa-
ter (102). Nevertheless, selenium-respiring bacteria can be applied
beneficially not only for removing but also for recovering sele-
nium for reuse purposes.

Bioreactors for Selenium Oxyanion Removal

Microbial reduction of Se oxyanions to insoluble elemental sele-
nium has been applied successfully for removal of selenium from
wastewater or process water by using different types of bioreactors
and process configurations (Fig. 10). Microbial communities in
the form of microbial biofilms and biogranules show promise for
the development of novel biotechnological applications and im-
mobilization of metals (108, 109). Microorganisms and microbial
communities are widely studied for bioremediation through
bioreduction of oxidized contaminants and oxyanions of metals
and metalloids (9, 110–116). Organic waste substrates (i.e., mo-
lasses) or defined organic substrates (i.e., acetate and lactate) have

been added to bioreactors as carbon sources and electron donors
to facilitate microbial growth and reduction of selenium oxyan-
ions. Selenium removal processes have been developed using
biofilm reactors (BSeR), membrane biofilm reactors (MBfRs),
upflow anaerobic sludge bed (UASB) reactors, and biofilters
(ABMet).

BSeR process for selenium removal. The BSeR technology uses
biofilms developed on granular activated carbon for removal of
selenium, and the BSeR system basically consists of a series of
anaerobic fixed-film biofilm reactors (Fig. 10). A pilot-scale study
(1,892 liters) was tested at Garfield Wetlands-Kessler Springs, UT,
with water containing 1,870 �g SeO4

2� liter�1 and 49 �g SeO3
2�

liter�1 (117). Agriculture-grade molasses was added to serve as an
electron donor for SeO4

2� and SeO3
2� reduction (117). The ef-

fluent of the biofilm reactors was passed through a slow sand filter.
The effluent selenium levels were below 2 �g liter�1, which is
much lower than the prescribed discharge limit of 50 �g liter�1.
Reduction of SeO4

2� and SeO3
2� was visually evident in the pro-

cess pipes as a reddish pink color due to the formation of amor-
phous selenium. Back flushing was used to recover almost 97% of
the elemental selenium from the BSeR setup for reuse purposes in
the agricultural market (117). It is likely that heavy metals are also
removed by the BSeR reactor configuration, along with selenium,
and will thus also accumulate in the reactor. It is unclear in what
concentration ranges heavy metals are present in the recovered
selenium from the BSeR system and how to deal with the heavy
metals if the recovered Se is to be used in agriculture.

Selenium removal by UASB reactors. Removal of SeO4
2� in

UASB reactors was investigated under methanogenic, denitrify-
ing, or sulfate-reducing conditions (6). Anaerobic granular sludge
from a UASB reactor removed SeO4

2� from synthetic wastewater
under methanogenic (118, 119), sulfate-reducing (119, 120), and
denitrifying (120, 121) conditions. SeO4

2� was most likely re-
moved by sulfate-reducing bacteria under sulfate-reducing con-
ditions, while enrichment of selenium-respiring bacteria enabled
reduction of SeO4

2� under methanogenic conditions (118). The
speciation of selenium associated with the anaerobic biofilms was
determined using nondestructive X-ray absorption near-edge
structure (XANES) spectroscopy and solid-phase microextraction
gas chromatography-mass spectrometry during biological treat-
ment (122, 123). The use of UASB reactors under methanogenic
conditions is particularly promising because the process allows
recovery of water, selenium, and energy.

Flue gas desulfurization (FGD) systems, typically wet lime
stone scrubbers, are increasingly installed along with coal-fired
power stations in order to mitigate air pollution and to meet SO2

emission standards. The FGD scrubber liquids contain selenium
in the range of 0.5 to 2 mg liter�1, along with significantly larger
amounts of sulfate (119). A UASB reactor was used for biological
removal of selenium oxyanions and other heavy metals from the
FGD outlet water. Carbon (i.e., adipic acid, acetic acid, ethanol, or
formic acid) and phosphorus (2 mg liter�1 PO4

3�-P) sources were
added to facilitate microbial growth and reduction of selenium
oxyanions. The influent water had a selenium concentration of
953 �g liter�1, which was reduced to below 26 �g Se liter�1 in the
treated effluent of the UASB reactor.

ABMet process for selenium removal. The ABMet technology
uses a biofilter to remove selenium from the FGD outlet water.
ABMet consists of a biofilter tank, a backwash effluent tank, a
wash waste tank, and a nutrient dosage tank. SeO4

2� and SeO3
2�

Selenium Bioreduction

March 2015 Volume 79 Number 1 mmbr.asm.org 73Microbiology and Molecular Biology Reviews

http://mmbr.asm.org


are reduced to elemental selenium in the biofilter tank, and a
backwash step is performed to remove elemental selenium from
the biofilter tank (124, 125). A molasses-based nutrient solution is
added to sustain biofilm growth and microbial reduction of sele-
nium oxyanions in the biofilter tank (125).

Selenium removal in membrane biofilm reactors. Membrane
biofilm reactors were evaluated for removing SeO4

2� from drink-
ing water and FGD brine by using H2 as an electron donor (104,
105, 126). The H2-based membrane biofilm reactor (MBfR) con-
tains bundles of hollow-fiber membranes that deliver H2 directly
to the biofilm which develops on the outside walls of the mem-
brane fibers. This system supports the growth of autotrophic bac-
teria in biofilms by coupling the oxidation of an inorganic electron
donor (H2) to the bioreduction of various soluble electron accep-
tors (i.e., NO3

�, NO2
�, SeO4

2�, and ClO4
�) (126–128). The

MBfR system appears to be a more efficient and simpler means of
delivering H2 directly to the biofilm. The dissimilatory selenium-
reducing bacteria of the biofilm convert influent SeO4

2� to ele-
mental selenium. The MBfR system is promising, but it has not
been implemented at an industrial scale, probably because of the
cost of the electron donor and because of practical implementa-
tion issues.

Microbial methylation for conversion of soluble selenium oxy-
anions into volatile selenium compounds has been proposed for
bioremediation of selenium-contaminated agricultural drainage
water and seleniferous soils (59, 129–133). Microbial volatiliza-
tion opens perspectives for recovering selenium via the gas phase,
which is thus free from cells and other metal contaminants. For a
long time, microbial volatilization was considered a slow process
(129, 130, 133–135) that was unsuitable for industrial applica-

FIG 10 Overview of the various biotechnological processes (BSer process, UASB reactor, ABMet, and MBfR) used to remove SeO4
2�, SeO3

2�, and heavy metals
from wastewater or process water. In the BSer process, SeO4

2� and SeO3
2� are reduced to elemental selenium by biofilms of propriety microorganisms, using

molasses as the carbon source and electron donor (117). In the UASB reactor, carbon (i.e., adipic acid, acetic acid, ethanol, or formic acid) and phosphorus
sources are added to facilitate microbial growth and reduction of Se oxyanions to elemental selenium. ABMet consists of a biofilter tank, backwash effluent tank,
wash waste tank, and nutrient dosage tank. SeO4

2� and SeO3
2� are reduced to insoluble Se0 in a biofilter, and a backwash is performed to remove elemental

selenium from the biofilter. Molasses-based nutrients were added to self-sustain biofilm growth and microbial reduction of Se oxyanions (124, 125). In MBfRs,
selenium oxyanions are bioreduced to elemental selenium by the autotrophic biofilm, using H2 as the electron donor (104).
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tions. Interestingly, high-rate volatilization of SeO4
2�, SeO3

2�,
and Se0 was reported for a Pseudomonas stutzeri NT-1 culture
under aerobic conditions (131), thus opening new avenues for
high-rate applications. However, the toxicity of volatile Se com-
pounds requires careful assessment of the full-scale application of
this approach.

Microbial Reduction for Nanomanufacturing

Selenium has excellent semiconducting and photoconducting
properties and is routinely used in rectifiers, solar cells, photo-
graphic exposure meters, and xerography. Applications of sele-
nium can be broadened further if it is available in nanostructures
(136). Therefore, research efforts are directed toward the synthe-
sis, characterization, and modification of Se nanomaterials, i.e.,
Se0, metal selenide, and other Se nanostructures. Different shapes
of elemental selenium have been produced, i.e., nanowires, nano-
ribbons, nanotubes, and nanospheres, by use of chemical methods
(137). Also, microorganisms synthesize a variety of nanosized
biominerals with unique physical and chemical properties and in
varied morphologies (138–140). Therefore, several selenium-re-
spiring microorganisms have been investigated for applications in
the green synthesis of nanomaterials (Fig. 11). The use of micro-
bial metabolism in nanomanufacturing is a relatively unexplored
area with huge potential for the development of cost-effective and

environmentally sustainable processes for large-scale production
of nanomaterials (139).

Almost a decade ago, a study by Oremland et al. (78) noted that
the spectral properties of microbially produced nanospheres of
elemental selenium were substantially different from those of
their chemically synthesized counterparts. It appears that the as-
sembly of nanospheres achieved by microorganisms cannot be
achieved with today’s chemical synthetic routes (78). Evidence is
emerging on the possible role of proteins in the fabrication and
stabilization of selenium nanoparticles (77, 141, 142). The biolog-
ical components associated with SeO3

2� reduction influence the
crystallization and growth of metal selenide particles by decreas-
ing the crystal growth rate and increasing particle stability (66).
Control of the nanoparticle size is critical, however, in manufac-
turing elemental selenium or chalcogenide nanoparticles by use of
bacteria (53, 54, 77).

The challenges in microbial production of either selenium
nanospheres or metal selenide quantum dots include control of
the particle size and the polydispersity index of the particles. Since
the microbial synthesis of nanoparticles follows the Ostwald rip-
ening process, the size of the nanospheres produced through mi-
crobial respiration increases with time. In general, the sizes of
microbially synthesized selenium nanoparticles and quantum
dots exceed 100 nm and 20 nm, respectively. Therefore, there is a
need to understand the mechanisms governing the formation and
growth of nanoparticles during microbial respiration of metal-
(loid) oxyanions. Addition of stabilizing agents, such as glutathi-
one or 2-mercaptoethanol, along with metal chlorides, to micro-
bially produced selenide was proposed to control particle size and
to attain quantum confinement (53, 66).

CONCLUSIONS AND OUTLOOK

Selenium-respiring bacteria are ubiquitous in environmental set-
tings, where they use selenium oxyanions and certain other com-
pounds as terminal electron acceptors in the degradation of or-
ganic compounds. The accumulated evidence shows that the
existence of the selenium cycle may contribute to the carbon and
nitrogen cycle in nature. The dissimilatory reduction of selenium
oxyanions and selenium reduction mechanisms operating in dis-
similatory selenium-respiring bacteria were reviewed. The pro-
cesses of selenium oxyanion reduction and microbial selenium
biomineralization are complex, and divergent mechanisms oper-
ate in phylogenetically diverse microorganisms. Biochemical evi-
dence shows that SeO4

2� reduction predominantly occurs either
in the periplasmic space of Gram-negative bacteria or on the out-
side of the cell membrane of Gram-positive bacteria. Although
SeO3

2� reduction is predominantly observed to occur intracellu-
larly, in the cytoplasm, a recent study showed evidence for its
reduction in the periplasmic space of Shewanella oneidensis MR-1.
Extracellular reduction is advantageous for bacteria, as intracellu-
lar reduction is associated with the additional burden of packaging
and exporting of biominerals outside the cell. Certainly, addi-
tional studies are needed to improve our understanding of the
location of reduction sites, electron-shunting pathways, and ex-
port mechanisms (in cases of intracellular reduction) in microbial
selenium biomineralization. The physiology and biochemistry of
SeO4

2� reduction have been studied primarily with a few model
strains, such as Bacillus selenatarsenatis SF-1, Enterobacter cloacae
DL1-1a, and Thauera selenatis. Similar model organisms used to
study the biochemical aspects of SeO3

2� reduction are Shewanella

FIG 11 Mechanisms of microbial fabrication of functional selenium nanoma-
terials. The synthesis is catalyzed by microbial transformation of selenium
oxyanions, SeO4

2� and SeO3
2�, using various electron donors. Elemental Se is

produced as spherical particles in the nanometer size range, localized either
inside or outside the cell. Recent research showed that nanoscale semiconduc-
tor materials (also called quantum dots) can be synthesized by using microbial
metabolism (53, 54, 66). Selenium-respiring microorganisms are used to re-
duce selenium oxyanions to produce selenide, which combines with metal
cations (i.e., Cd and Zn) and forms metal selenide (i.e., CdSe and ZnSe) quan-
tum dots. Org-Se, organoselenium; M2�, Cd and Zn; MSe, metal selenide.
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oneidensis MR-1 and Veillonella atypica. Future studies using ad-
vanced molecular microbial ecology tools and high-throughput
screening techniques may be applied to provide further insights
into functionally active true selenium-respiring bacteria, selenium
biomineralization mechanisms in natural habitats, and isolation
of efficient candidates for biotechnology applications.
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